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Abstract:
Various standards have been published in an effort to rationalize and unify the evaluation and quantification of
photocatalytic activity. The experimental conditions stated in the published standards and test methods differ in
many aspects that make it very difficult to compare different results. This paper focuses on the influence of the
different parameters involved in the photocatalytic process. The photocatalytic active material consists of white
mortar, surface coated by TiO2. The activity has been determined by quantifying the photocatalytic oxidation of
NO. In the studied concentration interval the kinetics was estimated by a first order reaction. The influence on
the activity by the relative humidity, temperature, irradiance, contaminant concentration and catalyst load has been
studied. Most influent parameters are the catalyst load and light intensity until reaching plateau values at higher
amount and intensity. Humidity influence the activity above 40% RH and an increased temperature lowers the
activity. A global empirical correlation, including the mentioned variables, has been developed, allowing the
determination of the photocatalytic activity at different environmental conditions (within the constraints of this
research) and, when necessary, for comparison with reference conditions.
Keywords: Photocatalysis, NOx, construction materials, parametric study, kinetic constants, multivariable
empirical correlation
Introduction
The photocatalytic activity of TiO2 enriched build-
ing materials provides promising results for the
degradation of air contaminates such as VOC (1-3)
and NOx (4-7) performed in lab scale. Full scale
studies proves that photocatalysis is effective also
under real world conditions (8).
Differences in test methods and parameters cause
difficulties in the comparison of photocatalytic activity
of different materials. The unification of test methods
requires a standardization of experimental procedures
and conditions. Values for different parameters included
in official standards and previous publications are
compared in Table 1.
The differences between the compared parameters
in Table 1 are the light source with difference in the
wavelengths emitted and the intensity used in the
measurements. The UVA intensity varies from 1.25 -
20 W/m2. These values can be compared to the
irradiance on a cloud free mid day in the middle of
July in Madrid equal to 10 W/m2 measured by a
DelthaOhm 2102.1 radiometer with LP471 UVA sensor.
The temperature and humidity are in the range of 20
to 27 °C and 50% RH conditions normally found in
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outdoor conditions. Continuous flow is used in the
majority of the tests with gas flow rates of 1, 3 and 5
l/min. Initial NO concentration is in the range of 0.1 to
1 ppm and the UNI standard presents an initial mixture
of both NO and NO2.
Therefore, it is clear that the experimental condi-
tions stated in the published standards and in literature
differ in many aspects that make it very difficult to
compare different results. Even though some research
have been reported in the literature (5, 9-15, 20, 23,
25-27) on the influence of different parameters, a
comprehensive parametric study and global correlation
are needed in order to allow the estimation of the
photocatalytic activity at different environmental condi-
tions and, when necessary for comparison width
reference conditions.
The aim of the presented paper is to determine the
influence of the different experimental parameters
involved in the photocatalytic degradation of NO on
white mortar, coated with TiO2. The influence of the
following parameters has been evaluated: Temperature
(T), relative humidity (RH), absolute humidity,
irradiance (I), catalyst load (CL) and initial concentra-
tion (IC) of the studied compounds. These parameters,
on the basis of the experimentally fitted kinetic
constants, have been empirically correlated in a global
relationship.
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Table 1. Summary of experimental conditions presented in standards and previous publications for NOx abatement.
Standardization body/publication ISO JIS UNI [11] [12]
Standard 22197-1 R 1701-1 11247
Type of tests Continuous flow
Continuous
flow
Continuous
flow Batch
Continuous
flow
Irradiation source
Fluorescent light BL
or BLB; Xenon with
filter letting pass
(300 - 400 nm)
Fluorescent
lamp (300 –
400 nm)
Osram
Utravitalux 254/365 nm 300 – 400 nm
Irradiance (W/m2) 10 10 20
(0.00125 -
0.00375),
(0 - 0.1) 10
Temperature (ºC) 25 25 27 20
Relative humidity (%RH) 50 50 50 3 - 22 g/m3 50
Gas flow (l/min) 3 3 5 - 1, 3 ,5
Initial concentration NO (ppm) 1 1 0.4 0.1, 0.3, 0.5, 1.0
Initial concentration NO2 (ppm) 0 0 0.15 0
Size sample (cm2) 50 50 65 171
Experimental Details
Materials
The following materials where used in the study.
White cement type BL II/A-LL 52.5 N; Degussa P25
as the active photocatalyst; Liquid silicone; Air with an
O2 concentration of 20% in N2, with purity above
99.999%; NO 4.6 ppmvol, balanced by N2 width relative
uncertainty of the measurement: ± 5%.
Methods
Sample Preparation
White mortar was prepared in petri dishes with a
diameter of 90 mm and a height of 16 mm, using white
cement type BL II/A-LL 52.5 N with the following
ratios: cement/sand: 0.33 and water/cement: 0.5. The
fresh mortar was cured for 28 days at >95% RH and
23 ±2 °C.
Liquid silicone was applied on the border of the top
surface of the sample, surrounding a circular area of
50.2 cm2. A colloidal suspension of TiO2 in deionised
water with a concentration of 8.37 (g/l) was applied
on the surface of the mortar surrounded by silicone. A
total volume of 3 ml was added to give a final TiO2
mass load of 5 g/m2 after evaporation of the water in
the suspension at room temperature. The resulting TiO2
layers were examined by BSE. They were compact
layers of around 10 μm, as it can be seen in Figure 1.
The samples were stored at 50% RH and 20 °C at least
48 hours prior to the tests. At the border between
silicone and TiO2 some interference is possible, but
due to the small amount of TiO2 in contact with silicone
compared to the total amount of TiO2 covering the
surface, the possible influence has been neglected.
TiO2
Figure 1. BSE image of the surface of one sample of mortar.
Photocatalytic Reactor and Experimental
Procedure
The reactor was designed according to the standard
ISO 22197-1 (16) with some modifications: The width
of the gas flow channel was 112 mm and the distance
between sample and window 4 mm. The interior of the
reactor in contact with the airflow was made of glass
and the window for UV entrance was made of Pyrex.
The experiments were also performed according to the
mentioned standard, with the exception that the gas
flow was recycled by an airtight pump with a recycling
flow rate of 5.2 l/min. Two containers were connected
in the recirculation loop to achieve a total volume of
the setup of 56 liters. The irradiation was performed
by 2 Philips Actinic BL 15W/10 SLV fluorescent tubes
emitting irradiance in UVA radiation at an optimum
of 365 nm.
The initial NO concentration in the system was
controlled by adjusting the inlet flow by Brooks flow
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Table 2. Experimental parameters for the NOx oxidation tests.
Test
Temperature
(ºC)
Humidity
(%RH)
Absolute
humidity
(g/m3)
Irradiance
(W/m2)
Catalyst
load
(g/m2)
Initial NO
concentration
(ppbv)
Initial NO2
concentration
(ppbv)
N1 21 62 9.5 10 5.0 964 34
N2 26 42 8.5 10 5.0 1000 51
N3 30 42 10.8 10 5.0 899 25
N4 21 3.0 0 10 5.0 1050 37
N5 21 31 4.5 10 5.0 998 38
N6 22 37 6.5 10 5.0 1030 51
N7 21 65 10 10 5.0 982 50
N8 21 60 9.2 0.5 5.0 985 49
N9 21 59 9.0 1 5.0 996 51
N10 21 59 9.0 2.5 5.0 972 62
N11 21 60 9.0 5 5.0 981 49
N12 21 63 9.5 18 5.0 1010 75
N13 22 57 9.5 10 2.5 976 69
N14 22 60 10 10 10 964 78
N15 21 60 9.0 10 5.0 101 11
N16 20 68 9.8 10 5.0 393 16
N17 21 65 8.5 10 5.0 675 27
N18 21 58 9.0 10 0 1000 77
N19 21 58 9.0 0 5.0 991 66
controllers giving a resulting gas mixture of air and
NO/N2, that was let to stabilize until obtaining a
concentration of 1000 ppb. The humidity was set by
passing a part of the airflow through a flask medium
filled with water. The temperature was that of the
ambient air in the laboratory.
The NO and NO2 concentrations were measured
simultaneously by AC32M (Enironmental S.A.) analyz-
ing by Chemiluminiscence. The volume of the sample
was of 0.66 liters and the concentration was measured
just before the illumination was switched on, 15, 30,
45, 60, 90 and 120 minutes after the illumination was
turned on.
The NO3– content, resulting from the mineralization
of the NO, was analyzed by submerging the sample,
after the experiment, in 50 ml deionized water for the
elution of the NO3– formed on its surface.
Experimental Design
The influence of the parameters investigated in this
paper was studied by vary them one by one, keeping
the rest of the parameters constant. A summary of the
parameter conditions used can be seen in Table 2. The
test series are denoted with the abbreviations N1 to
N19.
Each sample was tested once to preventing the use
of a catalyst that has been deactivated by intermediates
or initial compounds on the active sites.
Analysis of the Results
Two possible photocatalytic oxidation mechanisms
for NO are reported in the literature. The most common
proposes are an initial oxidation to NO2 and then
further oxidation to HNO3 by the hydroxyl attack,
generated by the activated photocatalyst. The
alternative is an interaction by O2- to form NO3– (17).
The global process of a gas phase heterogeneous
photocatalytic oxidation can be divided in 5 mayor
intermediate steps (18):
1. Transfer of the reactants in the fluid phase to
the surface
2. Adsorption of at least one of the reactants
3. Reaction in the adsorbed phase
4. Desorption of the product(s)
5. Removal of the products from the interface
region
Taking into account all the steps would result in
non affordable problem and the fact that the rate of the
different steps normally is quite different and the
slowest one is the rate limiting step that determines
the rate of the global process. In the analysis of the
kinetic data, some of these steps are often neglected.
The Langmuir-Hinshelwood (L-H) model Equation
1 is frequently used in the literature to model hetero-
geneous solid-gas phase reactions (17, 19). The model
includes the saturation of the active sites by the
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Figure 2. (a) Illustration of NO oxidation and NO2 formation over time under UV irradiation. Values taken from test N1. (b) Nitrate
formation as a function of the NOx concentration decrease.
adsorption-desorption equilibrium of the substrate
(intermediate steps 2, 3 and 4).
KC
kKC
dt
dC


1
(1)
where C is the concentration of NO (ppb), k is the
reaction constant (min-1) and K is the binding constant
for NO on the active site. The determination of the
reaction constant k and the Langmuir adsorption
constant K is done by inversion of Equation 1 and
plotting 1/r0 as a function of 1/C0 Equation 2 (19).
kCkKr
1111
00
 (2)
where r0 is the initial reaction rate during the first 15
minutes and C0 is the initial concentration. The
literature presents important advances in the kinetics
of photocatalytic reactions mainly concerned the
development of specific models based on the L-H
equations. A summary of variations of the L-H models
is given by G. Li Puma et al. (20). The L-H model can
be varied to take in account the adsorption of water
vapor by a bimolecular model of single site competitive,
two site non competitive and two sites competitive.
Hunger et al. presents a L-H mechanism, including the
three components NO, NO2 and H2O (21).
Provided that the kinetic model is dependent not
only on the catalyst but also on the contaminant, in
this study, the analysis of the results have been carried
out in the following steps: 1) confirmation of the
degradation pathway; 2) search of the controlling step
in the global reaction process with the analysis of the
mass transport influence, and 3) modeling of the rate
of the reaction starting with the monomolecular L-H
model Equation 1.
Results and Discussion
Degradation Pathway
Under UV radiation a decrease in NO concentration
over time was determined with a simultaneous formation
and later degradation of the intermediate NO2, Figure
2-a. It can be seen that after 120 minutes of radiation
almost complete degradation of both NO and NO2 is
detected. In Figure 2b, the amount of NO3- formed in
relation to the gas phase decrease of NOx in the system
are depicted. Even though there is not a linear relation-
ship (which has been attributed to the bias in the
analysis of NO3- due to the very low concentrations),
the mineralization to NO3- is demonstrated according
to the oxidation pathway Equation 3.

 32 NONONO (3)
Reaction Model: Controlling Step
Influence of the Transfer Matter (steps 1 and 5)
The experimental setup acts as a CST tank, in line
with similar setups in previous publication (22). How-
ever concerning the mass transport inside the reactor
the gas does have a slit flow characteristics and the low
Reynolds number of 97 assuming a laminar double-
skin photoreactor.
The confirmation that the diffusion is not the rate
limiting step is proved according to the method
described by Hunger et al. (21). The assumption is
described below.
Assume that the reaction on the surface is instan-
taneous; meaning that Cw is equal to zero, that would
result in that the mass transport is the limiting step.
The mass flux of NO by diffusion from the gas to
surface is governed by Equation 4:
)(
2
)( wgwg
h
CC
h
ShDCC
d
ShDm  (4)
where: m is the mass flux of NO, Sh is the Sherwood
number, D the diffusion coefficient (m2/s), dh the
hydraulic diameter, Cg the NO concentration, the mean
mixed or bulk in gaseous phase, Cw the NO concen-
tration on the surface, h the height (m). The values for
the constants art taken from (21) with Sh amount to
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Figure 3. Photocatalytic NO oxidation over time at different initial
concentrations.
about 5 and D estimated to 51051.1  m2/s. The gas
velocity is 0.19 m/s and de and h = 4 mm.
The boundary condition is:
ingg CC , (5)
Giving as integrated form
2
5
2
004.019.02
08.0105.15
2
,
, 



 ee
C
C hv
ShDL
ing
outg air = 0.37 (6)
where L is the length of the sample, set to 8 cm due to
its circular shape and Vair the velocity of the gas over
the sample surface. This result signify a 63% NO
degradation. The time it takes for the whole gas
volume in the experimental set up to pass the reactor
is little bit more than 10 minutes. If the mass transfer
is the rate limiting step a degradation of NO after the
mentioned time would be 63% that is far higher than
the degradation results after 10 minutes in this study.
This fact demonstrates that the diffusion is not the rate
limiting step. The CW is now equal to Cg.
Therefore, according to the global reaction model,
the reaction rate can be limited by the intermediate
steps (2, 3 and 4) and then, the Langmuir-Hinshelwood
(L-H) model will be tried.
Influence of the Adsorption/Desorption (steps 2
and 4)
The NO oxidation over time varying the initial
concentration of NO is illustrated in Figure 3. In all
cases an almost complete disappearance of NO is seen
after 120 minutes of reaction.
The initial reaction rates (r0) estimated by the
decrease in NO concentration during the first 15 minutes
as a function of the different initial concentrations (C0)
demonstrate a linear relation normally seen at low
concentration in the L-H model, Figure 4a.
From the good linearity of 1/r0 as a function of
1/C0 and intercept of the linear regression on the y-axis
(a)
(b)
Figure 4. (a) Initial reaction rate as a function of initial concentra-
tion. (b) 1/r0 as a function of 1/C0.
very close to zero, Figure 4b. The small intercept value
gives a very small K value with a minor influence on
the L-H mechanism and is therefore neglected. The
resulting equation is a first order reaction. The lack of
influence of the adsorption/desorption equilibrium
concludes that step 3 in the global heterogeneous
reaction is the rate limiting step.
Estimation of the Order of the Reaction (step 3)
The first order reaction model is given in Equation
7 and integrated in Equation 8. The model fitting and
estimation of the reaction rate is illustrated in Figure 5,
where it can be deduced that there is a good fit to the
experimental results and therefore, the reaction rate
constant obtained form each test is used to compare
the influence of the parameters studied in this work.
Ck
dt
dC
NO (7)
tk
C
C
NO 




 0ln (8)
where: C0 is the initial NO concentration (ppb) t, the
time (min) and kNO the reaction rate constant (min-1).
Parametric Study
Influence of the Irradiance
The NO degradation rate influenced by the irra-
diance is increasing until reaching a plateau above 5
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Figure 5. Model adjustments (straight line) to the experimental
data (diamonds), ln CNO (triangles) and linear adjustment (dashed
line) for test N1.
Figure 6. Influence of the light intensity (tests N1, N8-N12, N19)
in the NO oxidation rate.
W/m2. The irradiance interval can be divided into two
parts. At lower intensities from 0 to 1 W/m2 the
influence on the reaction rate constant demonstrates a
linear relation. At light intensities above 1 W/m2 the
increase follows a square root relation, Figure 6. The
division of the influence of irradiance in two segments,
one linear at lower intensities and proportional to In,
where 0.5 < n < 1 has previously been mentioned (23).
A similar relation has been demonstrated for iso-
propanol degradation following a linear relation at low
intensity until reaching a square root relation (0.5)
above one sun equivalent (24). The difference in
irradiance dependency is described by Chen et al.
explaining the phenomena by the fact that at lower
radiation intensities the chemical reaction is faster
than the recombination rate of the electrons and holes.
On the other hand when the irradiance is increased the
recombination of electrons and holes becomes the
dominant process that negatively influences the activity
(9).
The formal quantum efficiency (FQE) Equation 9,
mentioned in a previous publication (23) is calculated
instead of the quantum yield that is difficult to
determine due to the fact that incident light may be
absorbed, reflected or scattered.
)/(int
)/(
sphotonsensitylightincident
smoleculesreactionsyzedphotocatalofrate
 (9)
Figure 7. Formal quantum efficiency as function of light intensity.
Figure 8. Initial NO oxidation rate by the influence of the catalyst
load on the surface of the sample (test N1, N13, N14, N18).
The FQE as a function of the light intensity gives
a maximum of 0.07 molecules per photon at a light
intensity of 1 W/m2 (Figure 7) that can be compared to
previous values ranging from 0.0006 to 0.12 sum-
marized by Chin et al (23).
Influence of Catalyst Load
By increasing the mass load of TiO2, a higher
reaction rate constant for the NO oxidation was
observed, Figure 8. The influence of the mass load on
the reaction rate constant follows a non linear behavior
according to the adjustment presented by Lewandowski
et al. (27). This equation was modified to fit the reaction
constants as a function of the mass load of catalyst,
Equation 10. The equation gives a good estimation of
the experimental data in this study with α = 0.31 and
kmax = 0.035. In the lower concentration range the
catalysts load is a factor with an important influence,
but when increasing the load above 5g/m2 the influence
of the mass load becomes less predominant. Results
presented by Toma et al. (10) demonstrate that depend-
ing on the size of the sample a TiO2 mass load above
15 or 30 g/m2 does not further enhance the photo-
catalytic activity. Puzenat (11) explain the phenomena
by the fact that the maximum amount of TiO2 totally
illuminated is reached. Li Puma et al give a similar
explanation stating that in thick films there is not an
effective radiation of all the catalyst, having the surface
N. Bengtsson and M. Castellote
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Figure 9. Initial NO oxidation rate constant as a function of the
humidity (tests N1, N4-N7).
catalyst illuminated but the interior catalyst inactive.
(20).
)1(max,
CL
NONO ekk


 (10)
where α is a constant.
The thickness of the TiO2 coating was measured
to be around 10 μm at a mass load of 5g/m2 by BSE
microscopy, Figure 1. Having in mind that the critical
mass is not reached the coating is thicker than previous
published results mentioning a critical thickness of 2
μm (25) and 350 nm (20).
Influence of Humidity
Photocatalytic activity was observed at almost zero
humidity and the activity does not change remarkably
until reaching humidity levels above 40% RH where a
decrease in the reaction rate was noticed, Figure 9.
Hüsken et al. reported a negative effect of the humidity
on the NO degradation rate with a linear decrease of
the activity by increased humidity in the range 10 –
80% RH due to competitive adsorption between water
and contaminant on the active sites (5).
Chen et al. presented an optimum in the reaction
rate of NOx abatement at 25% RH and 25 °C by
injecting the pollutant after adjusting the humidity in
the reactor. The optimum of the rate constant was
explained by the formation of free OH radicals
promoting the oxidation until a certain extent before
competitive adsorption of NO and the water molecules
take place on the active sites at higher humidity levels
(9).
The influence of the adsorption of water was
confirmed by Sauer et al. (22), proving that when
raising the humidity more water is adsorbed on the
TiO2 surface, leading to the decrease of the adsorption
of substrates.
The influence of the humidity on the photocatalytic
activity depends on the type of compound studied.
The humidity inhibits the conversion of formaldehyde
(12), isopropanol, trichloroethylene and acetone, but
Figure 10. Initial NO oxidation rate by the influence of the
temperature maintaining the absolute humidity constant (tests N1-
N3).
enhances toluene oxidation and has no significant effect
on 1-butanol. M-xylene oxidation is increased by the
humidity up to 1500 mg/m3 and decrease at higher
values (13). Amama et al. (14) studied the gas phase
degradation of trichloroethylene (TCE) in the range of
0 to 100% RH, with the conclusion that the TCE
mineralization was highest in the range 50 – 100% RH.
The difference in the influence of the humidity is
related to interactions between water and intermediates
(14) and the hydrophilic properties of the surface of
the active material (26).
Influence of Temperature
An increase in temperature slightly decreases the
reaction rate constant, Figure 10. According to the
literature the temperature influences the activity by
affecting the adsorption and desorption rate constants
(27).
Influence of the Contaminant Concentration
The reaction rate constant does not change when
the initial NO concentration is altered verifying the
conclusion that the reaction rate is of first order reaction
in the studied concentration interval, see Figure 11.
Multiple Parameter Fitting of the Photocatalytic
Activity
Until now, the kinetic constants calculated are
related to the variation of a single parameter maintain-
ing the rest of them constant. Therefore, in order to
find a global correlation able to be applied at different
conditions for every parameter (in the range studied in
this work), non linear estimation has been tried,
including every variable analyzed, for the kinetic
constants of the degradation of NO, including all the
matrix of data corresponding to every test performed.
The best empirical correlation found, Equation 11
for the oxidation of NO, includes 4 variables: temp-
erature (T) in degrees Celsius, relative humidity (RH)
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Table 3. Numeric values for the fitting constants for the multiple parameter equation 13.
a1 b1 c1 d1 h1 j1 m1 n1
-4.59 -0.0658 4.55 -0.000662 0.0189 0.166 0.0141 0.419
Ranges of validity : 21 < T(ºC) < 30; 3 < RH < 56; 0 < I < 18; 0 < CL < 10; 101 < IC (NO) < 964
Figure 11. NO oxidation rate constant by the influence of the
initial concentration of NO (tests N1, N15-N17).
in %RH, irradiance (I) in W/m2 and catalyst load (CL)
in g/m2, explaining a variance of the 86.5% of the data.
111)/1( 1111 njdTbNO CLmIhRHceak 
(11)
where a1, b1, c1, d1, h1, j1, m1 and n1 are the fitting
parameters given in Table 3 where the range of validity
of the equation for each parameter is also given.
By application of the obtained kNO Equation 11, in
equations 7 and 8, the kinetics of degradation of NO
in any experimental condition (within the constrains
of this study) can be obtained.
The absolute humidity depends on the T and RH,
therefore it is not included in the correlation. The
initial concentration (IC) is not included in the fit due
to absence of influence on the reaction constant k in
the studied interval, demonstrated in Figure 11.
Figure 12 illustrates the comparison between the
experimental values and the calculated values obtained
through Equation. 11, for kNO. From Figure 12 it can
be deduced that, within the ranges included in this
study, the correlations are good enough to be used to
predict the photocatalytic degradation in different
conditions.
Conclusions
In this paper a parametric study, in function of the
kinetic constants, on the influence of the key variables
in the photocatalytic activity of oxidation of NO has
been carried out. The variables included in the study
are the relative humidity, temperature, irradiance,
contaminant concentration and catalyst load, and the
following conclusions have been done:
Figure 12. Comparison of the experimental values of de-
contamination of NO and values for the global correlation obtained
through Equation 11.
● The reaction kinetics of the NO oxidation has
been established, proving an elemental first
order reaction.
● The parameters studied in this work influence
the activity of the photocatalytic NO oxidation
according to the following conclusions.
● For the studied intervals, the NO oxidation is
approaching a plateau value at a catalyst load
of 10 g/m2 and a plateau is found above an
irradiance of 5 W/m2, concluding that at above
a certain level of irradiance and catalyst load
their influence does not affect the reaction rate.
● No influence of the humidity was noticed on
NO oxidation in the range form 3 to 40% RH,
however above 40% RH a decrease in activity
was observed, which could be attributed to the
competitive adsorption of water and the con-
taminant on the active sites of the catalyst.
● An increase in temperature while maintaining
the absolute humidity constant resulted in a
decrease in the activity for NO oxidation.
● The absence of influence by the initial con-
centration of NO on the reaction rate constant
proves that the reaction follows a first order in
the studied concentration range.
● A global empirical correlation, including the
studied variables has been proposed, allowing
the estimation of the photocatalytic activity at
different environmental conditions, including
for reference conditions for comparison.
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